We investigate the inflation model with a massive vector multiplet in a case that the action of the vector multiplet is extended to the Dirac-Born-Infeld (DBI) type one. We show the massive DBI action in 4 dimensional N = 1 supergravity, and find that the higher order corrections associated with the DBI-extension make the scalar potential flat with a simple choice of the matter couplings. We also discuss the DBI-extension of the new minimal Starobinsky model, and find that it is dual to a special class of the massive DBI action.
Introduction
Cosmic inflation [1, 2, 3] is a plausible solution for the problems of the standard Big Bang scenario, such as the flatness and the horizon problems. Especially, the slowroll inflation models [4] naturally provide the primordial density fluctuation, which is a source of the large scale structure of the universe. The primordial curvature perturbation is observed by the cosmic microwave background experiments, and their results support the slow-roll inflation models.
It is important to embed such inflation models to the UV complete theory, such as superstring theory or its effective theory, i.e., the supergravity (SUGRA). So far, many inflation models have been constructed in 4 dimensional (4D) N = 1 SUGRA. In many literatures, it is assumed that the inflationary potential is provided by the so-called F-term potential. However, there are some problems in such models due to the structure of SUGRA, such as the η problem in SUGRA, which is caused by the factor e K in the F-term potential where K denotes the Kähler potential. One of the possible solution for the problems was suggested in Ref. [5] and developed in Ref. [6] . In those models, the existence of at least two chiral multiplets are required to realize inflation, and the multiplet other than the inflaton multiplet should have a sufficiently large quartic coupling in the Kähler potential, otherwise it becomes tachyonic or light, which may lead to an instability of the inflationary trajectory or an unacceptably large nonGaussianity [7] . The solution for such a problem is the realization of inflation without the additional chiral multiplet, that is, the inflation with a single multiplet. Such a model was first proposed in Ref. [8] , and recently developed in Ref. [9] .
The other interesting solution was suggested in Refs. [10, 11, 12] . In these models, the inflaton multiplet is a massive U(1) vector multiplet [13, 14] , which is equivalent to a combination of Stueckelberg chiral and anti-chiral multiplets and a massless vector multiplet. The inflation is driven by the scalar component of the massive vector multiplet. One of the advantages of such a model is that only the single massive vector multiplet is the sufficient source for inflation, and the η problem is absent because the inflaton potential is provided by the so-called D-term potential. Therefore, the inflation is realized in a relatively simple way.
From the theoretical viewpoint, it is important to consider the UV completion of such SUGRA inflation models. Especially, in superstring theory, it is known that the action of vector fields are described by the Dirac-Born-Infeld (DBI) type action [15, 16] if the vector fields are zero modes of open strings attached to the D-branes (see Ref. [17] for a review). Then, in such a case, the massive vector multiplet inflation may be realized with the DBI action.
The supersymmetric (SUSY) realization of the DBI action has been intently studied e.g. in Refs. [18, 19, 20, 21] .
1 Especially, it was found that the DBI action in N = 1 4D global SUSY naturally appears from the partial N = 2 SUSY breaking [19, 20] , which is realized by imposing a condition between two N = 1 multiplets included in an N = 2 vector multiplet. The condition can also be embedded into SUGRA [23, 24] , which realizes the DBI action in 4D N = 1 SUGRA. The matter coupled DBI action was also discussed in 4D N = 1 global SUSY [25] and SUGRA [23, 24] . Recently, in SUGRA, we developed the matter coupled DBI type action including matters charged under the corresponding U(1) symmetry in Ref. [26] .
To explore the UV completions of the massive vector multiplet inflation models, we will extend the action of the massive vector multiplet to the DBI type action. Such an action can be constructed by the DBI action of a massless vector multiplet coupled to the Stueckelberg multiplet, which non-linearly transforms under the corresponding U(1) symmetry. The DBI action with charged matter multiplets was studied in our previous work [26] as mentioned above. Such a DBI-extended action contains higher order terms of the matter fields, associated with supersymmetric higher derivative couplings. We call them the DBI corrections throughout this paper. We found that the DBI corrections significantly modify the D-term potential. As we will show, the DBI corrections become important if the cut-off scale associated with the DBI action is smaller than the Planck scale. Contrary to a naive expectation, the corrections make the scalar potential flatter. This is an interesting feature of the DBI-extension. We demonstrate such a feature for two concrete models, which are the chaotic [4] and the Starobinsky model [2] .
In Ref. [27] , it is shown that the Starobinsky model in the new minimal SUGRA is dual to the massive vector multiplet action. We will also investigate the DBIextension of the former, and find that it is dual to a special class of the massive DBI action, which has a restricted form of the matter couplings. Because of the restricted form, the flatness of the inflaton potential is no longer protected under the DBI corrections.
The remaining parts of this paper are organized as follows. In Sec. 2, we briefly review the massive vector action in SUGRA and its application to the inflation model based on Ref. [11] . Sec. 3 is devoted to the construction of the DBI action of a massive vector multiplet. Then we obtain the modified D-term potential. In Sec. 4, we discuss how the DBI corrections affect the inflaton potential, and find that the potential becomes flatter when the cut-off scale of the DBI sector is much smaller than the Planck scale. We also discuss the DBIextension of the Starobinsky model in Sec. 5, and show the dual action of it. Finally, we conclude in Sec. 6 . In Appendix A, we give a brief review of the Starobinsky model in the new minimal SUGRA.
Review of the massive vector inflation
In this section, we briefly review the massive vector action in supergravity and the inflation models with it, based on Ref. [11] . The action in conformal SUGRA [28, 29] is given by
where S 0 is the chiral compensator, Λ is a Stueckelberg chiral multiplet, V is a vector multiplet, g is the gauge coupling, Φ(x) is an arbitrary real function of x, W α is the field strength supermultiplet, and [· · · ] D,F are the superconformal D-and F-term density formulae respectively [29] . The supergauge transformations of Λ and
where Σ denotes the gauge parameter chiral multiplet. By choosing Σ = −Λ/g, the vector multiplet V becomes a massive vector multiplet 2 , and the action (1) becomes
Let us focus on the bosonic part of the action (1).
3
For notational simplicity, we choose Φ(Λ +Λ + gV ) = −3e −2J/3 , where J = J( 1 2 (Λ+Λ+gV )). After imposing the conventional superconformal gauge conditions [31] and integrating out auxiliary fields, we obtain the following bosonic Lagrangian L B in the Einstein frame,
where C = ReΛ, θ = ImΛ, the prime on J denotes the derivatives with respect to C, A µ is the vector component of V , F µν is the field strength of A µ , and R denotes the Ricci scalar. 4 By choosing the U(1) gauge as θ = 0, the second term in Eq. (4) becomes the mass term of A µ with m
In the following, we identify C as the inflaton with its scalar potential given by
We can reconstruct various types of the inflaton potential by choosing the function J(C). For example, the choice J = C 2 /2 gives the potential V = g 2 C 2 /2, which corresponds to the simplest version of the chaotic inflation [4] .
Another interesting case is the Starobinsky model [2] , which was first discussed in Ref. [27] and applied to inflation in Ref. [32] . In that case, J(C) takes a special form given by J = − 
In terms of the canonical scalar φ = 3/2 log(−C), the Lagrangian (6) can be rewritten as
3 DBI action for a massive vector multiplet
We extend the massive vector action reviewed in Sec. 2 to the DBI type one developed in our previous work [26] . Let us consider the following action,
In the second term, X(W,W) is a solution of the following equation,
where X is a chiral multiplet, Σ c (·) denotes the chiral projection operator in conformal SUGRA acting on the multiplet in its argument, h is a real constant parameter, and ω(Λ,Λ) is a real function of Λ andΛ. After the superconformal gauge fixings and integrating out the auxiliary fields, we obtain the following bosonic action,
where we have chosen the U(1) gauge condition as θ = 0, andP
In the following discussion, let us consider a simple case with h = 1/4 and ω = exp(4J/3)/(4M 4 ), where M is a positive constant. Then the action (10) becomes
where
In the limit of M → ∞, the action (12) reduces to the action (4). Indeed, in this limit, we easily find
where the ellipsis denotes terms independent of M . We can also see this by noticing that, in such a limit, Eq. (9) becomes S 3 0 X = W α W α . Then, the action (8) becomes exactly the same as one in Eq. (1) .
Therefore, we can regard the action (12) as the DBI type extension of a massive vector multiplet, and M as a cut-off scale of the DBI sector. Note that the massive DBI action loses the gauge invariance which the original one [15] has, due to the spontaneous breaking of the U(1) symmetry. Such a spontaneous breaking occurs, e.g. in superstring models when the Green-Schwartz anomaly cancellation [33] is realized, which can be described by the Stueckelberg multiplet as in Ref. [34] .
Inflaton potential
In the previous section, we derived the DBI action of a massive vector multiplet. In this section, let us discuss the effects of the DBI corrections on the scalar potential, and its implication for inflation models.
From Eq. (12), we obtain the DBI-extended scalar potential of C,
In Ref. [35] , it is concluded that in inflation models with a massive vector multiplet, the higher order corrections associated with SUSY higher derivative terms are negligibly small in general. Indeed, all the DBI corrections in Eq. (15) are proportional to the coupling constant g 2n /M 4(n−1) (n ≥ 2). Then, they are negligible compared to the leading term g 2 (J ′ (C)) 2 /2 because g should be much smaller than 1 to explain the amplitude of the primordial density perturbation.
However, we should notice that, even in the case of g ≪ 1, the higher order corrections become important if M is also much smaller than 1. In fact, a parameter that controls the DBI corrections is β ≡ g 2 /M 4 , rather than g 2 . In terms of β, we rewrite the scalar potential (15) as
We find that for sufficiently large β the scalar potential is approximately given by V ∼ (g 2 / √ β)|J ′ (C)|. In general, when the cut-off scale M is low, the higher order corrections ruin the flat profile of the scalar potential. Contrary to such a naive expectation, we notice that in the regime of β ≫ 1, the DBI corrections make the shape of the scalar potential flatter than that of the ordinary D-term potential (5), given by V ∼ (J ′ (C)) 2 . As a concrete example, let us consider the case with J = C 2 /2, which corresponds to the simplest chaotic inflation model mentioned in Sec. 2. Then the scalar potential is given by
We show the form of the scalar potential with various values of β in Fig. 1 . In Fig. 1 , the scalar potential asymptotically converges on the linear type potential for larger β, which is expected from Eq. (17) . Due to the modification of the scalar potential, the predicted values of cosmological parameters are also different from ones of the original quadratic potential if β is sufficiently large. We numerically calculated the spectral index n s and the tensor to scalar ratio r at the horizon exit. We obtained following sets of values for β = 10 −5 and β = 10 respectively, (n s , r) = (0.967, 0.132) (β = 10 −5 ) (0.975, 0.0666) (β = 10),
where we show the values at N = 60, and N is the number of e-foldings. In both cases, g should be O(10 −5 ). For β = 10 −5 , the cut-off scale M is O(1), and the values of the cosmological parameters are not affected by the DBI corrections, which is compatible with the conclusion of the Ref. [35] . On the other hand, the predicted parameters are altered by the DBI corrections for β = 10. In this case, M ∼ 10 −3 , which is higher than the inflation scale H ∼ 10 −4 . As another example, let us discuss the Starobinsky model, shown in Sec. 2. In that case, J(C) is given by J = − 3 2 log(−Ce C /3). Then the Lagrangian of C is given by
We redefine C as C = − exp( 2/3φ), and then we can rewrite the action (19) as
We show the scalar potential in Eq. (20) with various values of β in Fig. 2 . As in the previous model, we obtained the following values of (n s , r) for β = 10 −5 and β = 10, (n s , r) = (0.968, 0.00296) (β = 10 −5 ) (0.968, 0.00280) (β = 10),
where we have shown the values at N = 60. As shown in Fig. 2 , the scalar potential in Eq. (20) is not much affected by the DBI corrections. The reason can be understood as follows. In the region that exp(− 2/3φ) ≪ 1, the original potential in Eq. (7) can be approximately written as
On the other hand, for a sufficiently large β, the scalar potential in Eq. (20) can be approximated as
Therefore, the form of the leading order terms is not affected by the DBI corrections, and therefore the predicted cosmological parameters (21) are almost unchanged.
DBI action of R 2 model in new minimal SUGRA
As we mentioned in Sec. 1, the Starobinsky model in the new minimal SUGRA is dual to the massive vector inflation model with J = − 3 2 log(−Ce C /3) that we treated in Sec. 2. We review the Starobinsky model in the new minimal SUGRA in Appendix A.
Since the dual of the new minimal Starobinsky model is described by a massive vector multiplet, it is interesting to construct the DBI-extension of the new minimal Starobinsky model. As we find below, it is dual to the massive DBI action with a special form of ω.
As shown in Eq. (38), the Starobinsky model in the new minimal SUGRA consists of a real linear compensator L 0 and a real multiplet V R = log(L 0 /|S| 2 ) where S is a chiral multiplet. As is the case with gauge multiplets, we can construct the following DBI type action in the new minimal Starobinsky model,
where γ is a real constant, and X(W,W, L 0 ) is a solution of the following equation (see Appendix A in Ref. [26] ),
where κ is a positive constant. Since it is difficult to solve Eq. (25), we rewrite the action in Eq. (24) with a chiral Lagrange multiplier multiplet M as
After the gauge fixings of V R and the superconformal symmetry, the bosonic Lagrangian of the action (26) becomes
is the vector component of V R , B µ is an auxiliary vector component of L 0 , and
µ . Integrating out F X , λ, χ, we obtain the following action.
The action (28) has the DBI type structure with respect to the vector A (R)
µ , but it also includes D 2 (R) = (R + 3B µ B µ /2) 2 in the square root, which yields the higher curvature correction [36, 37] .
Next, let us discuss the dual action of (28) . As performed in Appendix A, we can derive the dual action by using a real linear multiplier multiplet U and a gauge multiplet V . Let us consider the following action.
The equation of motion of U gives a solution with respect to V shown in Eq. (41), which reproduces the action (26) . On the other hand, if we solve it with respect to L 0 , which is shown in Eq. (42), the action (29) becomes
By the field redefinitions
where C = (Λ+Λ+gV )/2. We choose parameters γ and
, and then the action (31) becomes
The action (32) is a special case of the DBIextended Starobinsky model, i.e., Eq. (10) with J = − 3 2 log(−Ce C /3). In fact, we can reproduce the action (32) from the latter by choosing ω as
Note that this choice is different from the one in the previous sections:
which is chosen so that the coefficient of F µν in the square root in (10) becomes a constant, just like the ordinary DBI action. Namely, although Eq.(10) with J = − 3 2 log(−Ce C /3) and with (35) is the DBI-extension of the dual action to the Starobinsky model, it is not the dual action to the DBI-extension of the (new minimal) Starobinsky model, which is given by (32) .
In terms of the canonical scalar field φ = 3/2 log(−C), we can obtain the following scalar potential.
where β = g 2 /M 4 . For comparison, we show the scalar potential (36) with different values of β and the original one in the Starobinsky model (7) in Fig. 3 . = 0, the auxiliary field B µ is integrated out and we obtain B µ = 0, then the Lagrangian (28) becomes
If βR 2 ≫ 1, the structure ∼ R + R 2 does not appear, that means the Starobinsky model appears as the low curvature (compared with 1/ √ β) approximation in the DBI-extension of a massive vector action dual to the one in new minimal SUGRA. In this case, the conformal symmetry, which the term R 2 has, is severely broken. Thus, the inflaton potential loses its flat profile.
We remark that, from the viewpoint of superconformal formulation, the essential difference between the action (12) in section 3 and the one (32) in this section is the choice of the function ω in Eq. (9).
Conclusion
We have constructed the DBI action of a massive vector multiplet in 4D N = 1 SUGRA, and also shown how the DBI corrections affect the inflationary potential in the massive vector inflation model. Such an extension may be required to realize the model in superstring theory if the action is an effective action of D-brane. As shown in Sec. 3, the DBI action of a massive vector multiplet is obtained from the massless one coupled to the Stueckelberg chiral multiplet, which is based on the result in our previous work [26] . As a nontrivial consequence of the DBI-extension, the D-term potential is modified.
It is a common expectation that the higher order corrections ruin the flatness of the scalar potential. However, we have found that the modified scalar potential is flatter than the one before the DBI-extension, as shown in Sec. 4. We have also shown the concrete examples, the quadratic chaotic inflation and the Starobinky inflation. Especially for the former case, the scalar potential is drastically modified into the linear one, even with the cut-off scale M larger than the Hubble scale during inflation. Such an interesting feature of the DBI action may be important for inflation models in SUGRA. The feature is also favored by the latest results from the CMB observation by the Planck satellite [38] , because the DBI correction reduces the value of r (see examples in Sec.4). It is also worth to note that the functions J(C) and ω(Λ,Λ) are not so arbitrary, restricted by geometries and symmetries of the background, if it is realized in superstring theory. If the simplest case given in Eq. (12) is realized, the DBI correction discussed in this work always flatten the potential as shown below Eq. (16) .
We have also discussed the DBI-extension of the Starobinsky model in the new minimal SUGRA. The action (28) is a possible extension of the new minimal SUGRA, which has higher order terms of R without ghosts. As shown in Sec. 5, the action is dual to a special class of the massive DBI action, which is different from the simple massive DBI action (12) . In that case, the scalar potential is highly affected by the DBI corrections and it loses the flat profile because of the breaking of the conformal symmetry, which the original Strarobinsky model has during inflation. 
A The Starobinsky model in new minimal SUGRA
We briefly review the Starobinsky model in the new minimal SUGRA [32] . From the conformal SUGRA viewpoint, the new minimal SUGRA can be regarded as conformal SUGRA with a real linear compensator multiplet denoted by L 0 . Supermultiplets in conformal SUGRA are characterized by the Weyl and the chiral weights denoted by w and n respectively, which are the charges for the dilatation and U(1) A .
6 L 0 has the weights (w, n) = (2, 0). The Starobinsky action in the new minimal SUGRA is given by
where V R = log(L 0 /|S| 2 ), and S is a chiral multiplet with (w, n) = (1, 1), and γ is a positive constant. It is worth noting that a linear multiplet has a property [L(Λ +Λ)] D = 0, where Λ is a chiral multiplet with (w, n) = (0, 0). Therefore, the action (38) is invariant under the transformation S → Se Σ . Under this transformation, V R transforms as V R → V R − Σ −Σ like a gauge multiplet shown in Eq. (2) . Therefore, we can perform the "gauge" transformation to remove S from the physical action, and we choose the gauge in which S = 1. After the superconformal gauge fixings, the bosonic part of the Lagrangian L in Eq. (38) can be calculated as Since V R transforms like a U(1) gauge multiplet, it is natural to think that the action (38) has a dual form with a gauge multiplet. Indeed, the action (38) can be rewritten as
where U is a real linear multiplet, and V is a gauge multiplet. By varying U , we obtain V = V R − Λ −Λ where Λ is a chiral multiplet. Substituting this into Eq. (40), we can reproduce the action (38) . On the other hand, we can also solve the equation of motion of U with respect to L 0 as follows.
equivalently,
Thus, we obtain the following dual action,
After field redefinitions Λ → Λ/2, V → gV /2, S → S 0 / √ 3, we obtain
For γ = g −2 , the action (44) reproduces one in Eq. (1) with Φ(C) = Ce C .
